Change blindness is a phenomenon of visual attention, whereby changes to a visual display go unnoticed under certain specific circumstances. While many laboratory procedures have been developed that produce change blindness in humans, the flicker paradigm has emerged as a particularly effective method. In the flicker paradigm, two visual displays are presented in alternation with one another. If successive displays are separated by a short inter-stimulus interval (ISI), change detection is impaired. The simplicity of the procedure and the clear, performance-based operational definition of change blindness make the flicker paradigm well-suited to comparative research using nonhuman animals. Indeed, a variant has been developed that can be implemented in operant chambers to study change blindness in pigeons. Results indicate that pigeons, like humans, are worse at detecting the location of a change if two consecutive displays are separated in time by a blank ISI. Furthermore, pigeons' change detection is consistent with an active, location-by-location search process that requires selective attention. The flicker task thus has the potential to contribute to investigations of the dynamics of pigeons' selective spatial attention in comparison to humans. It also illustrates that the phenomenon of change blindness is not exclusive to humans' visual perception, but may instead be a general consequence of selective attention. Finally, while the useful aspects of attention are widely appreciated and understood, it is also important to acknowledge that they may be accompanied by specific imperfections such as change blindness, and that these imperfections have consequences across a wide range of contexts.
Introduction
Cognitive psychology has repeatedly demonstrated striking and often surprising imperfections in our own cognitive processes. Some of the more notable examples include but are not limited to false memories 1 , suboptimal decision heuristics 2 , and faulty statistical reasoning 3 . A more recent addition to this list is the phenomenon of change blindness. Change blindness is a consistent failure of attention, in which one fails to notice even prominent changes to one's environment. In one demonstration 4 , experimenters had a confederate approach individuals to request directions. During their conversation, workers carrying a door passed between the two, briefly interrupting visual contact and providing an opportunity to swap out the confederate for a different person. After this surreptitious exchange, most individuals failed to notice that their conversation partner was no longer the same person. This failure is surprising because moment-to-moment changes would seem to be signals of potentially important events that ought to draw our attention.
In order to better understand how and why change blindness occurs, researchers have brought it into the lab and developed several ingenious procedures 5, 6, 7, 8 for studying it under more controlled conditions. One particularly successful approach has been dubbed "the flicker task" 9 . In this procedure, the experimenters edited photographs by removing a feature, and then presented the images to participants, rapidly alternating between the original and modified versions. Participants quickly spotted the differences. However, if a brief blank field was inserted between consecutive images (producing a flickering display for which the procedure is named) change detection was much more difficult, resulting in worse accuracy and slower response times. This procedure is appealing because it provides a precise measure of change blindness, and it is easy to manipulate specific aspects of the display such as the size, salience, or timing of a change.
The flicker paradigm has proven to be a powerful tool for learning about perception and attention in humans 10 . The effect is surprisingly powerful and persistent. Change blindness can occur for changes to the only object in a simple animation 11 , and when looking directly at a change location 12 . Even experience with change blindness and awareness of the phenomenon does not eliminate it 13 . Furthermore, change blindness is quite diverse, and can be induced by a number of different events, such as eye saccades 5 , mudsplashes 14 , motion picture cuts 7 , or visual occlusion 4 . A parallel phenomenon occurs in auditory 15 and tactile 16 modalities, indicating that it may not be exclusive to visual stimuli and may be a more general phenomenon of attention.
Humans of course, are not the only animal that makes use of attention. Pigeons, for example, show many of the same attentional abilities that humans do. They can select specific features for preferential processing (as when they use a search image to find specific food targets)
. It seems then, that pigeons possess many of the same abilities that make attention useful for humans. If change blindness has to do with some of the inherent limitations of attention, we might expect to see a parallel change blindness effect in pigeons (and perhaps other animals). Furthermore, there have recently been multiple successful studies of change detection conducted using pigeons, implementing widely varying methods 24, 25, 26, 27, 28 . Recent research 29, 30, 31, 32 has adapted the flicker paradigm to investigate change blindness in pigeons, and has produced results that parallel human change blindness. The current report describes a simple method for implementing this procedure in an operant chamber. As with human versions of the task, it is easy to isolate and manipulate specific aspects of stimulus presentation in order to investigate their influence over change detection and change blindness. Thus, the procedure should constitute a valuable tool for research on the limitations of avian attention, and the extent to which they are similar to the limitations of human attention.
Protocol
The procedure described here is in accordance with the Office of Laboratory Animal Welfare and with US Public Health Service Policy on Humane Care and Use of Laboratory Animals, and was approved by Whitman College's Institutional Animal Care and Use Committee.
Reduce Pigeons' Weights
NOTE: Pigeons' weights are reduced to 80 -85% of their free-feeding weight 33 to ensure that the birds are healthy and adequately motivated to work for food.
1. House naïve birds in individual cages with unlimited access to water, grit, and food. 2. Weigh each pigeon at approximately the same time each day for 2 to 4 weeks, or until each bird's free-feeding weight has stabilized. 3. Calculate a target weight for each pigeon equal to 85% of its stable free-feeding weight. 4. Restrict food to gradually reduce each pigeon's weight until the target weight is reached 34 . Pigeons should still have unrestricted access to water and grit. NOTE: Published experiments using this protocol 29, 30, 31, 32 have yielded significant results using between 4 and 6 pigeons per condition.
Similar numbers should be adequate for a direct replication or subtle variation. Variations that reduce the magnitude of the change blindness effect could require a larger sample.
Train Pigeons to Peck Stimuli Displayed on the Response Keys in the Operant Chamber and to Eat Grain from the Food Hopper
NOTE: Training and experimental sessions require precise computer control, with temporal resolution of less than 1 ms. Use a flexible programming language (see Table of Materials) to control operant chambers via an I/O relay.
1. At the beginning of each day's session, weigh pigeons and place them into operant chambers (see Table of Materials). Naïve pigeons may need time to acclimate to handling, weighing, and transport to and from the operant chamber. Until then, take extra care to handle birds gently and monitor them for signs of stress. 2. Run 100 trials per daily session. For each trial:
1. Randomly select a visual stimulus element (such as a color or line) and one of the three keys (see Table of Materials) in the operant chamber. Illuminate the selected stimulus element on the relevant key using a compatible stimulus projector (see Table of Materials). NOTE: The onset and offset times of the incandescent bulbs that are standard in many operant chambers are too slow to be appropriate for this method. Replace any incandescent bulbs in the operant chamber with a faster LED equivalent, and then confirm that the displays appear as intended and that the onset of stimuli is crisp (less than 1 ms from onset to peak brightness). 2. Wait until a pigeon pecks the key on which the stimulus is displayed. Do not acknowledge pecks to any other keys.
NOTE: Experienced pigeons may immediately know to peck illuminated response keys. Naïve or less experienced birds' pecking can be shaped using handshaping or autoshaping 35 procedures as they would be for other laboratory tasks.
3. Following a single peck to the proper response key, clear the stimulus display and provide access to grain from the food hopper for 2 -3 seconds.
3. At the end of each session, remove pigeons from operant chambers and weigh them before returning them to their home cages. Adjust food access time between sessions to maintain birds' individual running weights at 80 -85% of their free-feeding weights. 4. Continue pre-training sessions until pigeons respond quickly and consistently to all of the individual stimulus elements to be included in the experiment, on all three response keys.
Train Pigeons to Search for and Peck Changes Presented on Response Keys

Present Novel Transfer Trials Within Daily Sessions
1. Follow the procedure exactly as outlined in step 3, but without any potential displays excluded (see step 3.2.5). NOTE: With large numbers of potential stimulus displays, it is not necessary to exclude potential displays during training and introduce them later. In those cases, simply continue training as normal, as never-before-seen displays will occur naturally. 2. Analyze accuracy on novel, never-before-seen stimulus displays, excluding any displays pigeons have previously encountered. Better than chance accuracy will confirm that pigeons have learned a general change detection rule and are not relying on memorization of familiar stimulus displays.
Representative Results
The primary result of interest is the difference in accuracy between trials with and without an ISI. In particular, the operational definition of change blindness in the flicker paradigm is significantly reduced change-detection accuracy on trials with an ISI relative to trials without an ISI. This effect can be seen in Figure 3 , which shows previously published data 29 . In that experiment, pigeons detected changes to stimuli consisting of color elements (the type depicted on the left side of Figure 1 ). As shown in the figure, pigeons saw 10 kinds of stimuli, differing based on the number of change repetitions (2, 4, 8, 16 , or 32 on the x-axis) and presence of a 250 ms ISI (separate lines). Average accuracy on trials with an ISI (M = 76.4%) was worse than on trials without an ISI (M = 79.6%), F(1, 3) = 11.338, p = .043, partial η2 = .791. This figure also shows that this difference in accuracy indicative of change blindness was present for each number of repetitions tested. Figure 3 also shows a secondary result of interest: change detection accuracy is influenced by the number of repetitions presented. In particular, change detection accuracy increased along with the number of repetitions, F(4, 12) = 11.104, p = .001 partial η2 = .787. This pattern is consistent with the interpretation that pigeons engaged in a serial search, much the way humans do in similar change detection tasks 9 , and supports the possibility that change detection requires an active search process requiring attention. Additional repetitions afford additional opportunities to consider more potential change locations, and attention gets directed to different spatial locations accordingly. Lower accuracy on trials with few repetitions may largely be a consequence of not having sufficient time to consider the actual change location before stimulus presentation was complete. 30 . The experiment presented pigeons with stimuli consisting of line segments (the type depicted in the right side of Figure 1) , again for a fixed number of repetitions (1, 2, 4, 8, or 16) and with or without an ISI. Note that the condition depicted in the bottom panel shows both of the effects described above in Figure 3 . Accuracy on trials with an ISI (M = 45.6%) was worse than on trials with no ISI (M = 75.8%), F(1, 3) = 60.571, p = .004 partial η2 = .953. Furthermore, accuracy increased along with the number of repetitions, F(1, 3) = 23.452, p < .001 partial η2 = .887. Thus, the same pattern of findings relevant to change blindness were obtained using the same general procedure, but using different kinds of stimulus elements.
The top panel of Figure 4 shows results from a different condition of the same experiment, in which the timing of change displays was manipulated. This condition revealed no change blindness effect. That is, there was no difference in accuracy between trials with (M = 66.1%) and without (M = 67.4%) an ISI, F(1, 3) = 0.189, p = .693 partial η2 = .059. This negative result suggests that change blindness can be dependent on the particular details of stimulus presentation, and that investigation of factors such as timing and salience may be informative in the future. 
Discussion
The method presented here is inspired by the so-called "flicker paradigm" commonly used by cognitive psychologists to study change blindness in humans 9 . In this human research, change blindness is operationally defined as the impairment in change detection produced by the presence of an ISI that interrupts transitions between stimulus displays. The same is true for the pigeon implementation described here. Furthermore, humans tend to approach the flicker task using a serial search strategy, considering possible locations one at a time and at each location either successfully identifying the change or rejecting that location and moving along to another. The method presented here produces results consistent with the same interpretation. Pigeons' change detection accuracy improves with additional repetitions 32 , as one would expect from a serial search that progresses from one possible change location to the next. Note however, that while the primary results are congruent with a serial search process, it is not the only logical possibility. Alternate interpretations (such as limited-capacity parallel search) should be considered, and may even motivate variations on the procedure. For example, if pigeons do engage in a location-by-location search process, they should be able to take advantage of base rate differences by selectively initiating their search at high-probability locations (enhancing accuracy at those high probability locations while reducing accuracy at others). A parallel search process would not make such a prediction.
Despite these important similarities, there are also some notable differences that must be acknowledged. Whereas human research often utilizes complex visual stimuli such as photographic images, the method presented here relies on simpler elements that can be projected onto the response keys in an operant chamber. One consequence of this difference is that the number of possible change locations in a standard operant chamber is limited to three (the number of response keys), and this number is much smaller than the innumerable possible change locations in a photographic display. So while both pigeons and humans may use a serial search strategy to locate changes, accurate performance on the procedure described here could be supported by a much simpler search process. Second, human research often measures response times to assess change detection. More difficult-to-find changes (such as those obscured by an ISI) require additional search time and produce longer response times. This pigeon method uses accuracy as a stand-in for response times because it was virtually impossible to prevent pigeons from pecking the stimulus displays during presentation (presumably before they had a chance to identify any change). Counting these stimulus pecks as responses led to consistently fast but meaningless response times and unacceptably low change detection accuracy. Nevertheless, the logic for interpreting accuracy as a measure of performance is similar to that for interpreting response times. Easy-to-find changes can be identified in a short time (producing good accuracy after even a small number of repetitions), whereas more difficult changes take longer (only reaching high levels of accuracy after many repetitions). Because the method requires that all repetitions be presented in their entirety before a response is recorded, there is no way to pinpoint precisely when, during stimulus presentation, a pigeon identified the change. Presumably some changes are identified well before the recorded response whereas others are identified only just before. This undermines the usefulness of any resulting response times, but not the usefulness of analyses based on accuracy.
There are several practical matters to consider when implementing this task. While the method has shown itself to be replicable, some scenarios have produced no change blindness effect despite good overall accuracy (see Figure 4 , top panel). Thus, stimulus details should be chosen carefully to maximize the likelihood of producing the hypothesized effects. In particular, it appears that very short ISI durations may weaken or even eliminate change blindness 30 . The recommended 250 ms ISI specified in the protocol should be effective, but note that shorter durations can be used as well; a change blindness effect has been confirmed with an ISI as short as 7 ms 32 . Note also that the difficulty of ISI trials increases with the duration of the ISI. Thus, if animals struggle to learn the procedure, shortening the duration of the ISI may be an easy way to increase accuracy, especially early in training. Conversely, lengthening the ISI (even beyond the recommended 250 ms) may be a way to increase the effect size. One of the most powerful factors may be the salience of a change, and this is true for both humans 36 and pigeons 29, 31 . Larger or more prominent changes are easier to detect, but the effect is larger on the more difficult ISI trials than on no-ISI trials. Finally, one should consider the number of stimuli that can be generated given the available equipment. With large numbers of change detection stimuli, pigeons will likely see novel, never-before-seen stimuli in every session, and so a general change detection rule is the only strategy that can produce consistently good accuracy. On the other hand, with smaller numbers of stimuli available, memorization becomes a feasible approach, as the same stimuli may be presented repeatedly across and even within sessions. In such cases, it is especially important to reserve stimuli for transfer, in order to demonstrate that the results are due to rule learning and not memorization 29 . Note that even a small number of available stimulus elements can combine to produce a relatively large set of possible displays. To conclude, the flicker paradigm is exciting because it produces a robust effect that highlights a striking failure of selective attention. The protocol presented here can be implemented using readily available operant chambers to produce results in a nonhuman animal that parallel those previously demonstrated in humans. Given that operant equipment is widely available and not specifically limited to pigeons, the method may prove to be just as useful for the myriad other species of animal that can exert control over attentional processes. While research on attention in animals is not new 37 , much of it has (quite understandably) focused on the successful or adaptive aspects of attention. Change blindness highlights a consistent and systematic failure of attention that deserves the same level of scrutiny. Thus, change blindness is more than a fascinating quirk of human visual attention. It implies for example, that much of our visual experience relies on representations that are less detailed than we might expect 10 . The existence of a parallel effect in pigeons further suggests that this sparseness of representation may be evolutionarily quite old and widespread. Change blindness thus may be a general consequence of selective attention that can provide some valuable insights into the origins of attention and the reasons for its limitations and imperfections.
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